Abstract:. Limnologic and water chemistry data from Echo Bay Mineral's Key West and Equinox Resources' Van Stone mines were collected between August, 2000 and September, 2001. Pit lake elevations, areas and depths are 1,318 and 1,050 m; 1.1 and 1.9 ha; and 28 and 31 m, respectively. Depth profiles of temperature, pH, specific conductivity, oxidation-reduction potential (ORP), and dissolved oxygen were collected on a monthly basis during this period. Results indicate that both water bodies are oligotrophic and dimictic, experiencing complete mixing during the spring and fall. Seasonal water temperatures range between near 0 and 22 C and ice covers the lakes approximately 5 months per year. Thermal stratification becomes well developed in both water columns during late summer. The dissolved oxygen profile at Key West is clinograde, ranging from 8-10 mg/l at the surface to 1-2 mg/l at total depth, except during turnover. Van Stone displays an orthograde oxygen profile with relatively high concentrations (>6 mg/l) at lake bottom through out the year. Values for pH tend to fall with depth in both lakes. Waters in Key West and Van Stone pits are slightly alkaline (7-8.5), calcium-sulfate types. TDS concentrations average 628 mg/l at Key West and 386 mg/l at Van Stone; likewise sulfate currently averages about 336 mg/l and 138 mg/l, respectively. Metal concentrations are low in both waters. Contrary to expectation, sulfate concentrations in Key West lake waters have decreased over time, despite abundant sulfide minerals in the pit wall. Also unanticipated, were diminished concentrations of dissolved zinc, arsenic, molybdenum, antimony and selenium concentrations in the oxygen deficient hypolimnion at Key West.
Introduction
Successful pit lake water quality modeling requires the input of reasonable physical-chemical parameters. The concentrations of minor metals in particular, are not easily predicted using theoretical solubilities (Eary, 1999) . Where empirical data is unavailable, assumptions must be substituted, resulting in ambiguities and uncertainties that can have serious consequences. A recent example is the Crown Jewel Project, an open-pit gold mine proposed in north central Washington. Uncertainties concerning the water quality of the resultant pit lake were an important factor in the appeal and cancellation of the proponent's Clean Water Act permits.
Published limnologic data for mine pit lakes is scarce (Doyle and Runnells, 1997) , particularly for circum-neutral pH waters in mid-latitudes. Limited data are summarized by Doyle and Runnells (1997) for eight pit lakes in California, Nevada, Montana, and northwestern Saskatchewan. Stevens and Lawrence (1998) reports stability and stratification in a large pit lake at the Brenda Mine, British Columbia. Pit lake water chemistry has received more consideration in the literature. Water quality of 18 hard rock mine pit lakes in Nevada and 6 others from USA and Canada are evaluated by Eary (1999) . This paper describes the physical limnologic characteristics and chemistry of two lakes developed in hard rock mine pits in northeastern Washington: Key West, developed by Echo Bay Minerals Company; and Van Stone, most recently activated by Equinox Resources, Ltd.
Emphasis is placed on subsurface profiling of temperature, pH, electrical conductivity, oxidationreduction potential (ORP), and dissolved oxygen (DO) and their relationship to water quality.
Site Descriptions and Setting
The subject mines are located in mountainous terrain of the Okanogan Highlands geomorphic province, northeastern Washington (Figure 1 ). Both are side hill pits which daylight well below the maximum bench elevation. Regional climate is temperate; characterized by cold, wet/snowy winters and warm, moderately dry summers.
Average annual precipitation ranges from 47 cm (18.5 in) at Key West to approximately 60 cm (25 in) at Van Stone. Table 1 compares geographic and morphological features of the Key West and Van Stone pit lakes. The lakes are relatively small at 1.2 and 1.9 ha (3 and 4.7 ac), respectively. Relative depths (the maximum depth taken as a percentage of the mean lake diameter; Wetzel, 2001) of the lakes are 9 and 10 percent. By comparison, most natural lakes have a relative depth of less than 2 percent and undergo complete seasonal mixing. Natural meromictic-incompletely mixed--lakes studied in North America generally have a relative depth greater than 5 percent. Relative depths of pit lakes reported in the literature vary between 9 and 40 percent (Doyle and Runnels, 1998 (Rasmussen and Hunt, 1990) . Final configuration of the pit was attained in September 1993 and infilling by precipitation/surface and ground water began (Figure 2 ). Meanwhile, a decline, opened June 1994 some 15 m (50 ft) above the bottom of the pit, was driven eastward to access a small underground ore body. This working was partially backfilled and sealed before the rising pit lake submerged it.
Consultants initially predicted that the pit would fill slowly, reaching overflow elevation after 20 years (HydroGeo, 1996) . However, a 
Early pit lake water quality monitoring revealed water of neutral pH with an increasing trend in alkalinity and sulfate concentrations. Hydro-Geo (1996) predicted, on this basis, that pit lake water would remain near neutral or slightly alkaline and that sulfate and calcium, controlled by x precipitation of gypsum, would increase to 1,018 and 353 mg l -1 respectively. Such concentrations were never attained, however, and the current sulfate and TDS trends are downward (Hydro-Geo, 2001 ). Pit lake water is moderately buffered calcium-sulfate water with near neutral to alkaline pH and moderately elevated concentrations of TDS. Metals are typically at or below detection limits (Table 2) .
Several dozen rainbow trout fingerlings were released into the pit lake some time in 1999. Fresh water shrimp were also reported to have been introduced. Owing to the lack of natural occurring food sources, the fish were fed periodically, first by hand and later using an automatic feeder. Early DO values (August-November, 2000) were estimated using a CHEMmetrics Vacu- 
Results

General Observations
Ice The vertical distribution of DO is an obvious character of distinction between the two lakes.
Oxygen content is typically greater in the Van Stone waters at any depth. Mean DO levels in surface water, for example, average 9.5 mg l -1 at Van Stone opposite Key Stone's 8.5. Except during spring and fall DO in Key West water decreases to <2 mg l -1 at maximum depth, while at Van Stone oxygen content averages 7.8 mg l -1 on the lake bottom year around. The ORP of both lake waters generally falls between +100 and +200 mV, indicating oxidizing conditions throughout the water columns. ORP decreases to a minimum as DO approaches zero ( Figure   3a ). An ORP of -20 mV was recorded September 20, 2001 from a Key West lake-bottom sample. DO was 1 mg l -1 and a strong hydrogen sulfide odor was also detected from the sample.
Dark, porous sediment particles were found in bottom samples from both lakes.
Laboratory Analyses. Figure 4 displays Key West and Van Stone pit lake water chemistry as a function of depth, before and after fall overturn. Profiles showing water temperature and the other field parameters are repeated in this figure for convenient comparison. Immediately evident is the homogeneity of surface and bottom waters in both lakes after fall mixing. The analyses detect no appreciable differences of major and minor ion content or pH in the water column at that time.
Analyses of samples from the epilimnion, metalimnion and hypolimnion at near-peak thermal stability reveal noticeable differences (Figure 4 , outlined data). The data indicate that pH steadily decreases and electrical conductivity increases slightly with depth in both lakes.
Incremental enhancement of alkalinity and TDS also accompanies increasing calcium ion concentrations with depth. By contrast, zinc is reduced in the hypolimnion by 15 and >50
percent. The magnitude of these differences is, in each case, greater at Key West. Near-bottom manganese concentrations, on the other hand, jump from <5 µg l -1 in the epilimnion and metalimnion to 27 and 120 µg l -1 , with the greater change apparent at Van Stone. Barium also increased with depth an Van Stone but remained unchanged at Key West. The data show that the oxyanions--arsenic, antimony, selenium, and molybdenum--are reduced by up to 50 percent in the hypolimnion of the Key West pit lake. This effect is less conspicuous at Van Stone, where reduction in arsenic alone was detected.
Discussion and Conclusions
Typology
Based upon features listed by Cole (1994) Key West and Van Stone pit lakes are classified as oligotrophic based on morphology (shape, bed slope, depth); blue-green water color and transparency; and apparent lack of nutrients, biological production and organic-rich sediments.
Van Stone also exhibits the characteristic orthograde oxygen profile and Key West, the sterile littoral zone, of oligotrophic lakes. Two features more commonly associated with eutrophy are also present: Abundant littoral macrophyte population at Van Stone and the clinograde (decreasing) oxygen profile at Key West. Clinograde oxygen profiles are normally attributed to the decomposition of trophic zone organic detritus in the hypolimnion (Wetzel, 2001) . But, biological productivity at Key West is low. While a small fish population is present, when compared with phytoplankton and littoral flora, limnologists believe that fish and other larger animals are only a small contributor of organic detritus in lakes (Wetzel, 2001) . A better explanation for oxygen loss may be continued, slow oxidation of sulfide-rich zones in the submerged pit floor and walls.
Stratification and Mixing
Thermal stratification patterns at Key West and Van Stone pit lakes are dimictic. Fall water column instability, overturn and mixing at both lakes is demonstrated by the destruction of thermal stratification and homogeneous water chemistry in mid-November. Except for inverse thermal stratification directly under the ice cover, this thermal profile persists through the winter months ( Figure 3 ). As the lake opens in spring, the water column is unstable and susceptible to complete mixing, even by small amounts of wind energy (Wetzel, 2001 Water Chemistry. Modification of water column chemistry during periods of stratification is of particular interest in this study. The relationship among various forms of CO 2 , photosynthesis, and pH are well known in natural waters (Wetzel, 2001; Cole, 1994) and is defined by the following equilibrium equation:
Photosynthetic consumption of carbon dioxide in the surface trophic zone results in the precipitation of calcium carbonate and the accompanying reduction of calcium ions and electrical conductivity and an increase in pH. This reaction occurs, though is less pronounced in oligotrophic lakes, and is the likely cause of increasing calcium and TDS and decreasing pH with depth in Key West and Van Stone pit lakes.
The distribution and cycling of iron and manganese in natural lakes is also well documented (Wetzel, 2001; Cole, 1994 Trace metals and perhaps metalloids are adsorbed by and coprecipitated with and iron and manganese hydroxides (Wetzel, 2001; Smith and Mudder, 1991; Dzombak and Morel, 1990) .
Some modelers (Schafer and Associates, 1995) have assumed therefore, that oxygen deficient waters of the hypolimnion will dissolve these hydroxides and remobilize trace metals. However, the diminution of dissolved zinc, arsenic, molybdenum, antimony and selenium concentrations in the deep hypolimnion waters at Key West appears to counter that supposition and suggests that other chemical processes, reactions, or interactions are active. Early modeling predicted an accumulation of sulfate caused by progressive oxidation of sulfide minerals in the pit walls (Hydro-Geo, 1996) . Modelers assumed that precipitation of gypsum would eventually limit sulfate at an equilibrium level of 1,018 mg l -1 . However, peak sulfate concentrations declined steadily from 440 mg l -1 in 1995, to 340 mg l -1 in 2001. Dilution accompanying pit filling does not explain this decline as net inflow has decreased and evaporative losses increased with the rising lake level; both of which, should increase sulfate concentrations-assuming constant sulfate influx. Instead, either sulfate loading has diminished significantly or the anion is being removed from the system. Reduced sulfate loading could be expected when sulfides exposed to weathering become fully oxidized, are isolated by oxide coatings (Blanchard, 1968) or are submerged by rising waters (Steffen et al., 1992) . Considering the evidence for anaerobic bottom waters at Key West, sulfate could be removed by sulfate reducing bacteria at the sediment-water interface (Wetzel, 2001; Cole, 1994) , or possibly by other chemical processes. The development of true anoxic conditions at Key West appears to be limited and intermittent, however, and I believe that reduced loading is the most likely explanation for falling sulfate concentrations in this lake. If true, oxidation and potential acid generation processes at Key West have been relatively short lived, despite significant exposure of pyrrhotite, pyrite and other sulfides in the pit walls.
